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Abstract 
Through work with the Department of Energy and Environmental Protection Agency, ICF has developed a costing model for geologic sequestration 
of CO2 by geologic setting in the U.S.  The GeoCAT model is being used by the EPA Office of Air and Radiation to assist in analyzing the impact 
of potential climate change legislation.  GeoCAT includes an assessment of sequestration capacity by state and geologic setting. Costing algorithms 
are based upon a detailed analysis of individual cost components, such as site characterization and injection well construction.  The study shows that 
the cost of geologic sequestration without by-product credits (such as additional oil produced with enhanced oil recovery (EOR)) ranges from $2.84 
to $28.12 per metric ton of CO2, depending on characteristics specific to the type of geologic formation.  By-product impacts on costs for EOR, 
enhanced coalbed methane, and shale gas production are very significant.  
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1. Introduction 
Carbon capture and storage (CCS) could be a key climate mitigation technology in the U.S.  While many studies have examined 
the potential rate of CCS deployment under various climate scenarios, it is also important to understand how this deployment might 
play out in various geologic formations across the country. For example: Where are the most suitable and economic storage sites, and 
how will competition evolve for those sites?  While the geologic sequestration component represents only a portion of total carbon 
capture and storage costs, evaluation of the costs to develop and monitor these underground injection sites is critical to our 
understanding of the cost and competitiveness of CCS. 
 EPA has worked with ICF International on continued development of the GeoCAT (Geosequestration Cost Analysis Tool) model.  
The GeoCAT model combines detailed characteristics of sequestration capacity by state and geologic setting for the U.S. with 
costing algorithms for individual components of geologic sequestration of CO2.  The outputs of the model are regional sequestration 
cost curves that indicate how much potential storage capacity is available at different CO2 price points. 
A detailed characterization and model of the individual cost components of geologic sequestration of CO2 (EPA, 2008a) was 
developed in support of EPA’s draft Federal Requirements Under the Underground Injection Control (UIC) Program for Carbon 
Dioxide Geologic Storage Wells (EPA, 2008b).  EPA’s rule will provide minimum federal requirements for owners and operators of 
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sequestration operations.  It is intended to protect underground sources of drinking water as well as to provide regulatory certainty 
and permitting consistency for industry as this key climate mitigation technology is developed.  The unit cost characterizations
developed in support of the draft regulation have been incorporated into the GeoCAT model. 
The GeoCAT model is used to evaluate the cost of each increment of sequestration capacity (cost curves) by state and geologic 
category.  The model includes 120 unit cost elements grouped into categories such as geologic site characterization, monitoring, and 
injection well construction.   Depending on the nature of each cost element, it is specified as cost per site, per square mile, as a 
function of well depth, per labor hour, or other specification. These individual cost specifications are imported into various scenarios 
to simulate project level costs.  Each project has specifications for volume of CO2 injected, depth, number of injection and 
monitoring wells, and other factors.  Based on the timing of expenses and financial assumptions, these costs are translated in the
model into dollars per metric ton of CO2 injected. 
2. Sequestration Capacity of the U.S. 
    In 2007, DOE published the NATCARB (National Carbon) Atlas (DOE, 2007).  This publication contains maps and data tables 
documenting the assessment of storage potential in the U.S.  Much of the data behind the NATCARB atlas is either available in GIS 
form or will eventually be made available.  ICF has used this analysis to develop a comprehensive assessment of Lower-48 storage
potential by state and reservoir type.   This assessment allows analysis of the volumes of CO2 that can be stored regionally and the 
characteristics and costs of this storage potential.  
Geologic sequestration may take place in a number of settings.  These include: 
• Non-basalt saline reservoirs, 
• Depleted gas fields, 
• Depleted and abandoned oil fields, 
• Enhanced oil recovery (EOR) conversion, 
• Enhanced coalbed methane recovery (ECBM), 
• Gas shale, and 
• Basalt reservoirs.  
    ICF has reviewed the DOE assessment information as published in the sequestration atlas, and we have developed a modified 
assessment by state and reservoir type.  The results of this assessment on a regional basis are summarized in Table 1.  The Lower-48 
assessed total is 3,375 billion metric tons, which is higher than documented in the atlas.  There are several reasons for the higher 
assessment.  We have added a preliminary assessment of the Gulf of Mexico, as well as an estimate of shale gas sequestration 
potential.  In addition, we have a higher estimate of depleted oil and gas field potential, due to our methodology of looking at the 
distribution of proved oil and gas recovery by region, and using this information to estimate CO2 potential in areas not covered in the 
DOE study. The majority of U.S. sequestration potential is in deep saline formations. 
Table 1.  CO2 Sequestration Potential of the United States 
Billion Metric Tons of CO2 Storage
 Depleted Depleted   
Region (Markal Region Name) EOR Oil Fields Gas Fields Coals Shale Saline Basalt Total
California (California) 1.2 8.0 1.8 0.0 0.0 161.1 0.0 172.2
Eastern Gulf Coast (East South Central) 0.2 1.1 1.3 1.9 28.0 103.2 0.0 135.6
Gulf of Mexico 1.5 5.5 8.4 0.0 0.0 800.0 0.0 815.3
Midwest (East North Central) 0.3 1.3 0.2 3.3 12.7 167.1 0.0 184.9
Northern Midcontinent (West North Central) 0.7 5.9 2.1 0.2 0.0 57.8 0.0 66.7
Northern Rockies (Mountain 1) 0.7 4.6 2.5 17.7 0.0 665.6 33.3 724.4
New England (New England) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Northeast (Middle Atlantic) 0.0 0.3 0.6 0.1 12.0 9.0 0.0 22.0
Pacific NW (Pacific; Lower 48 Onshore Part) 0.0 0.0 0.0 2.3 0.0 53.0 66.6 121.9
Pacific Offshore (Pacific; L48 Offshore) 0.0 1.2 0.0 0.0 0.0 100.0 0.0 101.3
Southern Rockies (Mountain 2) 1.4 3.3 6.0 19.6 0.0 36.5 0.0 66.8
Southeast (South Atlantic) 0.1 0.2 0.7 0.9 19.0 378.0 0.0 398.9
Texas and S. Midcontinent (West S. Central) 10.4 28.0 26.1 5.7 35.0 459.5 0.0 564.6
Total 16.5 59.5 49.7 51.6 106.7 2,990.6 99.9 3,374.6
Offshore (Gulf, Atlantic, Pacific) 1.5 6.7 8.4 0.0 0.0 1,186.6 0.0 1,203.3
Onshore 15.1 52.8 41.2 51.6 106.7 1,804.0 99.9 2,171.3
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3. GeoCAT Model 
3.1. Inputs and Methodology 
    The GeoCAT model includes a unit cost specification module, a project scenario costing module, and a geologic and regional cost 
curve module.   The unit cost module includes data/assumptions for 120 unit cost elements, as described below.   Each cost element 
has a corresponding equation that is used to calculate costs, as described in Section 3.2.  Once these cost equations have been
determined, they are incorporated into the project scenario costing module for economic analysis of specific sequestration scenarios 
by reservoir type.  The regional curve generating module takes input from the other modules to generate cost of sequestration curves 
by state, region, and reservoir type. 
    Sequestration project scenarios include specifications of project area, reservoir depth, thickness, well injectivity, number of wells 
through time, and other parameters.  Seven sequestration scenarios were developed for commercial scale projects.  A commercial 
scale project is of a size generally commensurate with the sequestration of CO2 from a 275 MW power plant, which includes the 
sequestration of 1.8 million tons of CO2 per year over a period of 20 years.  Scenarios were developed for saline reservoirs, depleted 
gas fields, depleted oil fields, enhanced oil recovery, enhanced coalbed methane recovery, enhanced shale gas, and basalt. The draft 
EPA rule does not apply to enhanced oil recovery, and the last three reservoir types listed above are considered minor for the 
foreseeable future.  Thus, the analysis for EPA covered only the first three categories.   Each cost item was specified in terms of 
whether it would be required or recommended under the draft regulation, and thus whether the cost would likely be incurred across
all future projects or only by a fraction of projects.  It should be noted that EPA’s draft regulation does not provide conclusive 
direction regarding the treatment of EOR, but rather is seeking public comment on this aspect of the rule. 
    Input specifications for each scenario include the following categories of assumptions: 
• Power plant characteristics 
• Injection zone depth, pressure, and temperature 
• Reservoir volume 
• Number and characteristics of existing wells 
• Number and depth of new injection wells and monitoring wells 
• Miles of distribution pipeline 
3.2.    Project Cost Categories and Approach for Cost Specification 
The sequestration cost analysis includes a unit cost module with 120 cost elements.  A unit cost item is a specific cost element
such as the cost of an aspect of site characterization or the cost to drill and complete an injection well.  Depending on the nature of 
each cost element, it is specified as a cost per site, per square mile, cost as a function of well depth, per labor hour, or other 
specification.  Sources of cost data include API’s “Joint Association Survey of Drilling Costs”, EIA data on operating and equipment 
costs, the Land Rig Newsletter for rig rates, and Petroleum Services of Canada data. Other sources include the Preston Pipe Report 
for casing and tubing, the Bureau of Labor statistics for labor costs, and pipeline cost data from the Oil and Gas Journal.  Costs of 
monitoring technologies are from the literature on DOE pilot projects and from an EPA-sponsored Ground Water Protection Council
meeting.  The following is a summary of major cost categories and the approach taken to specifying costs in the model. 
Geologic Site Characterization 
    The purpose of site characterization is to determine whether a site is suitable and safe for sequestration.  The process includes 
geologic, geophysical, and engineering evaluation.  A determination is made of whether the reservoir has adequate porosity, 
permeability, and continuity for long term injection.  The ability of overlying units to confine the injected CO2 is also evaluated.  
Other evaluation includes the mechanical properties of the reservoir, information on underground sources of drinking water, and
information on past drilling penetrations.  Significant components of site characterization costs include 3-D seismic data acquisition, 
development of maps and cross sections, and evaluation of geomechanical and geochemical data. 
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Monitoring 
After injection begins, it is necessary to monitor the movement of CO2 in the subsurface.  This includes monitoring of pressure 
during the injection process, monitoring of the migration and distribution of the CO2, monitoring of the shallow subsurface and at the 
surface to detect possible leaks. Depending upon the scenario, it may be required to have monitoring wells above the injection zone 
and into the injection zone. Significant components of potential monitoring costs include the drilling of monitoring wells above and 
into the injection zone, implementation of the subsurface and surface monitoring, and periodic seismic surveys and reservoir 
modeling. 
Injection Well Construction 
    The design of a CO2 injection well is similar to that of a conventional gas injection well or a gas storage well, with the exception 
that much of the downhole equipment must be upgraded for high pressure and corrosion resistance. Upgrades may include special 
casing and tubing, safety valves, and cements.   A well program is designed prior to drilling to determine the drilling plan and casing 
points.  This design incorporates what is known about the geology and engineering aspects of the location.  Major cost components
include the drilling and completion of the injection wells, engineering and design, corrosion-resistant tubulars, and wellhead and 
control equipment. 
Area of Review and Corrective Action 
    This aspect of the cost analysis includes fluid flow and reservoir modelling to predict the movement of the injected CO2 and 
pressure changes during and after injection.  It also includes those cost elements pertaining to the identification, evaluation, and 
remediation of existing wells within the area of review.    
Well Operation 
    This cost category includes those costs related to the operation of the injection wells including measuring and monitoring 
equipment, electricity costs, operating and maintenance costs, pore space costs, contribution to a long term monitoring fund, repair
and replacement of wells and equipment, and estimated costs for the possibility of failure at the site and the need to relocate a 
sequestration operation.  
Mechanical Integrity Tests 
    A CO2 injection well will periodically undergo integrity testing to ensure mechanical soundness, lack of corrosion, and ability to 
sustain pressure.  There are several such tests that are typically used, and they include both pressure tests and wireline logs. These 
technologies are well established and have been used for decades for underground injection operations. 
Post Injection Well Plugging and Site Care 
    After the injection phase has ended, it is necessary to prepare the site for long-term monitoring and eventual closure in a safe and 
secure manner that protects potential sources of drinking water.  This involves the plugging of injection wells, removal of surface 
equipment, and land restoration.  It also includes long term requirements for monitoring the site to ensure safety and to confirm an 
understanding of the CO2 distribution in the subsurface.  Major cost components include plugging injection and monitoring wells, 
and seismic and other surveys. 
Financial Responsibility 
    It will be necessary for the operator to demonstrate and maintain financial responsibility, and have the resources for activities 
related to closing and remediating the site.  The rule only specifies a general duty to obtain financial responsibility acceptable to the 
Director, and EPA will provide guidance to be developed at a later date that describes the types of financial mechanisms that owners 
or operators can use to meet this requirement.   
General and Administrative 
    General and administrative costs are included as unit costs for both the project development and operating phases.  The costs are 
specified as a percentage of either capital costs or annual operating costs. 
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3.3. Comparison of Sequestration Costs by Category and Reservoir Type 
    Table 2 summarizes the results of applying the unit assumptions across the project scenario assumptions.  Costs are presented for 
seven geologic settings.  There are eight major cost categories shown, representing aggregations of the 120 unit cost elements.  The 
line labelled “By-product credit” represents the “negative cost” attributed to the additional crude oil or natural gas produced in 
enhanced oil recovery, enhanced coalbed methane, or enhanced shale gas production.  The by-product credits were calculated using
energy prices from the Annual Energy Outlook 2008 (e.g. $56 per barrel of crude oil). Additional assumptions in the analysis include 
a 50 year post injection period and a 7% interest rate.  The lower portion of the table shows the percentage allocation within each 
geologic category.  For example, with saline reservoirs, 44% of costs are in the well operation category, 25% in monitoring, and 23% 
in injection well construction.  Additional discussion of these breakouts is presented below. 
Table 2.  Example Geologic Sequestration Costs by Cost Category and Reservoir Type 
50 years post closure period and 7% rate
$ per metric ton including G&A Onshore Onshore Onshore Onshore Onshore Onshore Onshore
Saline Depleted Gas Depleted Oil EOR ECBM Shale Gas Basalt
Geologic Site Characterization $0.06 $0.10 $0.09 $0.13 $0.13 $0.05 $0.06
AoR Study & Corrective Action $0.02 $0.05 $0.11 $0.18 $0.04 $0.01 $0.01
Injection Well Construction $0.83 $1.03 $0.67 $8.58 $1.79 $1.83 $0.61
Well Operation $1.55 $1.79 $1.46 $13.00 $3.72 $2.75 $1.35
Financial Responsibility $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
Closure and Post-Closure Care $0.13 $0.17 $0.12 $0.79 $0.25 $0.14 $0.11
Monitoring $0.89 $1.07 $0.69 $4.06 $1.13 $0.82 $0.66
Mechanical Integrity Tests $0.06 $0.07 $0.04 $1.37 $0.23 $0.27 $0.04
By-product Credit $0.00 $0.00 $0.00 -$94.37 -$5.92 -$3.04 $0.00
Total w/By-product Credit $3.54 $4.28 $3.19 -$66.25 $1.37 $2.83 $2.84
Total Without By-product Credit $3.54 $4.28 $3.19 $28.12 $7.29 $5.87 $2.84
Percentage of Costs by Category - Excluding Byproduct Credit
Geologic Site Characterization 1.8% 2.4% 2.9% 0.5% 1.8% 0.8% 2.2%
AoR Study & Corrective Action 0.6% 1.2% 3.6% 0.7% 0.6% 0.2% 0.3%
Injection Well Construction 23.3% 24.0% 21.0% 30.5% 24.5% 31.2% 21.4%
Well Operation 43.7% 41.7% 45.7% 46.2% 51.1% 46.8% 47.4%
Financial Responsibility 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Closure and Post-Closure Care 3.7% 4.0% 3.8% 2.8% 3.5% 2.4% 3.9%
Monitoring 25.2% 24.9% 21.7% 14.5% 15.5% 14.0% 23.4%
Mechanical Integrity Tests 1.7% 1.7% 1.3% 4.9% 3.1% 4.7% 1.4%
Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
3.4. Costs Over Project Lifetime 
Figure 1 shows the cumulative timing for the $135.4 million of capital and operating cost expenditures for an example commercial 
scale saline reservoir geologic sequestration project.  The analysis is based upon undiscounted real dollars and includes upward
adjustments for associated G&A expenses.  The expenditures that occur before injection commences (Geologic Site Characterization, 
Area of Review (AoR) Study and Corrective Action, and Construction) constitute about 21% of total project expenditures. Another
53% of expenditures occur during the injection period for Well Operation, Monitoring, and Mechanical Integrity Tests.  The 
expenditures over the 50 years of Closure and Post-Closure Care represent about 25% of costs.  The cost in the project’s 72nd year for 
the abandonment of remaining monitoring wells and surface equipment adds the final 1% of the costs.  If we apply a discount rate of 
7% to these costs streams, total project expenditures are valued at $73.9 million. 
3.5. Sequestration Curves by Formation Type and Region 
    The geologic and regional cost curve module of GeoCAT is used to generate national and regional “cost curves” indicating the 
volume of sequestration capacity in each region of the U.S. as a function of cost.  This model contains a database of sequestration 
capacity by state and geologic reservoir type.  The results of the project scenario costing module, as discussed above, are taken as 
input into this module to generate cost curves.  In addition to the sequestration cost analysis from the project scenario module, it also 
has a characterization of regionalized costs, drilling depths, and other factors that go into the regional cost curves.  Figure 2 presents 
the sequestration cost/volume curve for saline reservoirs in the U.S.  Figure 3 shows the results of several regions for saline 
reservoirs, including offshore sequestration costs for the Gulf of Mexico. 
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Figure 1.  Commercial Scale Saline Reservoir Cumulative Capital and Operating Costs Over Time 
Figure 2.  Geologic Sequestration Costs for U.S. Saline Reservoirs 
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4. Key Insights from GeoCAT Results 
4.1. Largest Cost Drivers 
Using the current groupings of the 120 unit cost elements, the largest cost drivers for geologic CO2 sequestration are those 
associated with “well operation” as shown Table 2.  For the saline reservoir example, these costs represent $1.55 per metric ton.  The 
unit costs in the well operation category that contribute most to this category are property taxes and insurance, pore space costs, and 
injection well O&M.   “Injection Well Construction” is also a significant cost category, representing $0.83 per metric ton.  Within
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that category, the largest cost components are injection well construction and corrosion-resistant tubing and wellhead.  A third
significant cost category is “monitoring.”  Cost components in this category include the drilling of monitoring wells and their O&M 
costs, and periodic seismic surveys. 
Figure 3.  Regional Sequestration Costs for Saline Reservoirs 
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The drilling cost for standard oil and gas industry wells in these depth ranges is very significant, and additional costs result from 
the need for corrosion-resistant tubulars and other equipment.  Assumptions about the number of injection and monitoring wells for a 
project have a major impact on project costs.  Another significant cost is 3-D seismic data for characterization and monitoring, which 
averages $75,000 per square mile of data.  There are many monitoring technologies, and the costs for monitoring will largely be site-
specific. 
An obvious cost driver is the size of the sequestration project. While this analysis assumes commercial-scale projects, the exact
project size varies somewhat depending on the assumed reservoir storage volume. For a saline formation, we assume an injection rate 
of 1.8 million tons of CO2 annually for an injection period of 20 years. For a depleted gas field, we assume an injection rate of 1.4 
million tons of CO2 annually for 20 years. 
Cost differences among the examples across different geologic formation types are driven by several key factors: reservoir depth, 
the number of pre-existing wells that may need to be re-plugged, and the extent of existing site characterization data. More existing 
wells with log and test data may result in the need for less new data acquisition for characterization.  However, some of the old wells 
may need remediation.  These factors have competing effects on costs for sequestration in depleted oil and gas fields versus in deep 
saline formations.  In addition, the depleted oil reservoir example is assumed to be significantly shallower than the depleted gas field 
and saline examples.  This analysis shows that the resulting net effect of these and other factors is higher total costs for the depleted 
gas field example than for the saline reservoir example, but slightly lower total costs for the depleted oil field example. Site
characterization data for the enhanced oil recovery example includes a significantly higher number of wells in the injection zone, 
driving up the well operation costs. 
4.2. Areas of Uncertainty 
    There are three broad areas of uncertainty in the analysis.  The first is the specific unit costs and cost equations, the second relates 
to the applicability of each cost item for a specific regulatory scenario, and the third is uncertainty in characterization of the 
sequestration site for modeling.  
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    Unit costs for which there is greater certainty are those related to conventional drilling and completion practices and geophysical 
techniques used in exploration and development.  This includes rig day rates, other drilling costs, completion costs including tubulars 
and wellhead equipment.  The cost of seismic is well known, although there is considerable variation related to the geology and depth 
of each site, and the spacing and resolution needed. Costs of pipelines of different diameters and capacity are known but vary based 
on supply and demand for materials and labor.  In addition to equipment costs, the operating cost component is also well known by 
region and well characteristics.   Well remediation unit costs are known through conventional oil and gas field development as well 
as through underground injection and EOR projects.  The cost of specialty cements and corrosion-resistant tubulars is known, 
although there is uncertainty in terms of specifications based on geologic settings and the nature of the injected fluid.  Cost
uncertainties are greater for certain site characterization and monitoring technologies that are not generally used in the oil and gas 
industry.   
    As part of the analysis, assumptions must be made as to the applicability of each unit cost to the specific regulatory scenario being 
evaluated.  For example, will monitoring wells be incorporated into every project, or a fraction of the projects?  This injects an 
element of subjectivity and uncertainty, in that it is based upon interpretation of the proposed regulatory language and how project 
developers will develop their facilities to comply.  
    Uncertainty in site characteristics for the model arises from uncertainty in geological parameters affecting, for example, per-well 
injection capacity and injectivity, and therefore the number of wells needed at the site. 
     In addition, there is also a degree of uncertainty as to how costs will change over time.  This analysis does not account for the 
changes in cost over time, but rather estimates costs for GS projects beginning today based on existing information available 
regarding oil and gas practices.  Given the established nature of these technologies and practices in the oil and gas industry, we would 
expect a relatively small impact of the learning curve on GS costs (with the possible exception of monitoring costs) as compared to a 
larger impact on CO2 capture cost dynamics.  However, future work on interactions between rising commodity prices, labor supply, 
and technological improvements would help inform how the sequestration curves might shift over time.  
5. Conclusions and Potential Applications of the Sequestration Curves 
Over 500 billion metric tons of sequestration capacity could potentially be utilized for sequestration costs of less than$5/tCO2.
This volume is an order of magnitude larger than the volume required to store the amount of CO2 projected to be sequestered 
cumulatively from 2012-2050 in EPA’s analysis of S.2191, the Lieberman-Warner Climate Security Act of 2008 (EPA, 2008c).  The 
majority of the assessed 3,400 billion metric tons of sequestration potential in the U.S. is associated with saline reservoirs (3,000 
billion tons) at depths of several thousand feet to possibly 10,000 feet.   Approximately 50% of the saline capacity is available at a 
sequestration cost of less than $15 per metric ton.  While sequestration with the lowest cost is that associated with enhanced oil 
recovery, which includes the value of the extra produced oil, this component of U.S. capacity is relatively small.   
The GeoCAT model should be of value to policymakers, industry experts, and modelers who need to evaluate the geographic 
distribution and cost of sequestration.  The model can be used to explicitly evaluate the costs of geologic sequestration across
formation types and examine potential deployment patterns across the U.S.  It also allows quantification of the specific components 
that are driving the cost of sequestration. 
In its continued analysis of proposed climate change schemes, EPA plans to implement the GeoCAT outputs into various 
modeling platforms to provide a greater resolution on CCS deployment under various climate proposals.  Application of the regional 
cost curves into energy sector and economy-wide models should carefully account for several considerations: how sequestration 
capacity might be utilized by the electricity sector as well as industrial sources of CO2; how much of sequestration capacity may be 
unusable due to land use factors such as high density population; and how to treat the conversion of EOR sites to long-term storage. 
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